O
ver the past 35 years, our success in understanding quantum computing has revealed its potential as a new, disruptive computing technology. This technology is based on quantum physics and might solve classes of problems that are intractable today. The physics has been demonstrated to the level of the very earliest "classical" computers, and it's now time to see whether quantum computers can be manufactured at a larger scale and used widely, placing the topic squarely in IEEE's mission space.
IEEE is uniquely positioned to help the public and policymakers understand progress and plan the path forward. If quantum computers are destined to be a big business, students will need to be trained in the new technology so as to become part of the workforce that expands the economy. Commercial success will depend on an open and collaborative dialog on engineering, technical standardization, and policy development, which coincides with IEEE's core businesses: conferences, publications, and standards.
DEVELOP YOUR OWN VIEW ON QUANTUM COMPUTING
Instead of trying to pitch quantum computing or convey skepticism about its feasibility, let me explain the key issue so readers can form their own opinions.
Quantum computing is not expected to make an incremental advance over classical computers, like Moore's law, but might transform the notion of what is computable.
The advance from Roman numerals to place-value number systems thousands of years ago could serve as In a quantum computer, the lottery drawing is called measurement and it labels losing lottery tickets with 0 and winning tickets with 1, thereby turning qubits into bits. However, quantum computing takes place before the lottery's drawing when it has not been decided whether a ticket will win or lose. A quantum computer's gates have the effect of swapping some of the picked numbers between pairs of lottery tickets, creating a computational model based on correlated probabilities. Now think about computations you've done with pencil and paper or programmed on a computer. How often have you thought, "Gee, this computation would be much more efficient with predrawing lottery tickets instead of numbers." If you're anything like me, you've never thought that. Yet it's mathematically indisputable that this type of computation is vastly more efficient than today's computers for some problem classes.
Place-value numbers expand the meaning of a digit based on where it appears in relation to other digits, yielding more efficient arithmetic. Likewise, a qubit can compute with correlated probabilities before the qubit is turned into a bit. Quantum computing will trigger the invention of new computer applications, but nobody knows whether there will be enough of them to transform society. The benefit of qubits over bits might become common knowledge eventually, but right now we need a few engineers to figure it out for the first time.
SKEPTICISM, REALITY, AND HYPE
A hundred years from now, quantum computing will likely have found a position in the large white oval shown in Figure 1 , sandwiched between four limiting scenarios that will ultimately be dismissed as hype or skepticism. Figure 1 's vertical axis represents the ultimate number of useful quantum algorithms, or algorithms best expressed using the predrawing lottery tickets described in the previous section. We know quantum algorithms are superior for factoring large numbers, yet theory precludes a quantum computer from being the equivalent of a microprocessor with an astronomically high clock rate. Nobody knows how many applications will eventually run best on quantum computers, particularly if society changes in response to quantum computers' ability to solve new problems. Figure 1 's horizontal axis represents our ultimate ability to engineer largescale quantum computers. Research laboratories have created gate-type quantum computers with 50-100 qubits, and a larger number of qubits for quantum annealers (although annealers are less capable per qubit). However, this is much less than the billions of active devices in today's microprocessors. One hundred years from now, quantum computing will be at a point in the oval, sandwiched between four impossible scenarios.
REBOOTING COMPUTING
The main debate today concerns where reality lies on the diagonal between skepticism and hype in Figure  1 . However, the other diagonal must be considered as well. It's possible that many important quantum algorithms will be found, but the implementation of quantum computers will remain difficult (like, for example, Gallium Arsenide semiconductors, which were eventually set aside). Alternatively, we might master the technology behind quantum computer hardware, but the range of applications will remain limited to narrow problems such as factoring numbers.
THE QUANTUM-CLASSICAL INTEGRATED ENTERPRISE
We don't know whether quantum computing will withstand the test of time, but we're learning the scope of the enterprise if it does. Quantum computing's ecosystem was addressed at a November 2017 workshop-the 20th Biennial US Workshop on Superconductor Electronics, Devices, Until recently, quantum computing breakthroughs were mostly physical science research projects demonstrating particular qubit types, many based on superconductor Josephson junctions. These operate in a cryostat at remarkably low temperatures around 0.01 K and interfaced to the outside world through a handful of coax cables. These results are in stark contrast to current computer engineering practice, which addresses chips, architecture, manufacturability, design tools, and software at the scale of billions of devices.
Future quantum computers will integrate true quantum components with classical control systems, parts of which operate at very low temperatures. This hybrid system will need to adapt many aspects of computer engineering to a previously obscure branch of electronics called cryoelectronics. Cryoelectronics principally includes superconductor electronics based on Josephson junctions and semiconductors operating at low temperatures.
The gray structures in Figure 2 are an evolutionary path whereby today's handfuls of qubits and chips with around 100,000 Josephson junctions can scale up; become better integrated; and address practical issues in manufacturing, analog signaling, and design tools. These intermediate systems might be useful for science experiments and niche applications, but are not expected to have large markets.
The colored structures in the corners of Figure 2 represent applications or markets that could split off eventually, including the following: › Truly exotic systems that might advance society even if produced in small quantities, such as spacecraft sensors and gravity wave detectors. › Energy-efficient classical computers for data centers and supercomputers, perhaps exemplified by the current IARPA C3 program. › Quantum computers, which will be a hybrid of quantum and classical control components. This option is divided into quantum computers running human-created algorithms and quantum machine learning, 2 the two divisions probably having different architectures.
HOW CAN IEEE HELP TECHNICALLY?
Today's qubits are unreliable or noisy as a result of imperfect materials and manufacturing, meaning they can only perform a few operations before making a mistake. For example, an ion trap quantum computer whose operations were successful 99 percent of the time-corresponding to a 1 percent error rate-warranted a Nobel prize in 2012. 3 CMOS has an error rate of about 10 -21 , so there's a lot of room for improvement. IEEE's quantum roadmap effort should be able to assist these improvements. 1 Starting in the mid1990s, the semiconductor industry managed the historic rise of CMOS in part through the International Technology Roadmap for Semiconductors, whose principal purpose was to identify the materials science and device physics research necessary to maintain the expected rate of progress. Now called the International Roadmap for Devices and Systems, this roadmap has become part of IEEE's Standards Association (IEEE-SA) and might be able to extend its historical role in orchestrating the development of technology to include quantum computers.
Creating a roadmap requires knowing where the road leads and measuring how fast you're going. The next milestone on the road will be quantum supremacy-the point at which a quantum computer can solve a problem not possible for any classical computer.
IEEE-SA also has an effort called P7131 that is developing a metric to measure a quantum computer's capability or quality (http://standards .ieee.org/develop/project/7130.html). At the time of this writing, major research organizations tout the number of qubits in their research-grade quantum computers, such as 49, 50, and 72 qubits, implicitly using qubit count as a metric. Although IEEE-SA will follow a consensus-based process to define a quantum computer metric, I can report that current discussions include combining the number of qubits, qubit stability or operational reliability, and architectural efficiency. 4 There's also an understanding that benchmark programs will be required at some point, or the equivalent of Linpack for the TOP500 Supercomputer list.
HOW CAN IEEE FACILITATE COMMUNICATIONS?
IEEE's main service to the community involves conferences and publications, both of which evolve to embrace new technologies. The Rebooting Computing initiative, which sponsors this column, began in 2013 and annually hosts the International Conference on Rebooting Computing (icrc.ieee.org), which is a venue for reporting research results that include quantum computing. The same event hosts an industry summit for business opportunities.
The industry summit has become a forum for quantum computing announcements, a role its hopes to keep and expand. There's a plan to include a quantum "competition," similar to the Gordon Bell award or the TOP500 list for supercomputers.
I've been in contact with various IEEE societies and councils and have noted their interest in supporting conferences and special journal issues on quantum engineering, but further news on these will have to wait until calls for papers are issued.
An IEEE standard P7130 is also being developed to establish common terminology and notation for quantum computing concepts (http:// standards.ieee.org/develop/project /7130.html).
I
t is becoming increasingly likely that quantum computers will succeed in factoring large numbers and force a change in cryptographic codes, such as the well-known https. However, it is possible that the underlying technology will find other uses, ultimately having a transformative effect on society like the invention of placevalue arithmetic. Reality almost certainly lies in between. Given the magnitude of the consequences and the fit to IEEE's technical area and member skills, I'm suggesting that IEEE consider a carefully thought out approach to figuring where, exactly, reality lies between the extremes. 
